The prevailing theory of transduction in gustation has been that the lingual epithelium, including taste buds, is relatively impermeable to electrolytes (1, 2) . Transduction has been presumed to occur by physical adsorption of the stimulus to receptors in the membrane but not to involve penetration of the membrane itself. This theory originated primarily from the work of Beidler (1) , who reported that the integrated electrical activity in rat chorda tympani nerve could be related to salt concentration by a simple Langmuir adsorption isotherm.
However, numerous lines of evidence indicate that various salts do penetrate lingual membranes. The most direct support for ion transport across lingual epithelium is the recent finding by DeSimone et al. (3) that epithelium isolated from dog tongue and mounted between symmetrical Krebs-Henseleit buffer solutions actively transports sodium ions. Hyperosmotic NaCl solutions produced increased potentials and transepithelial currents. The diuretic amiloride (4) , a potent inhibitor of sodium transport in a wide variety of cellular and epithelial transport systems (5, 6) , substantially reduced the hyperosmotic response.
Other studies support the finding by DeSimone et al. that the lingual epithelium is penetrated by ions. Hayashi (7) found that potassium, cesium, and rubidium ions can rapidly penetrate frog tongue epithelium. Hailback et al. (8) in a study of vascular architecture of filiform and fungiform papillae obtained evidence for active NaCl transport in cat tongue. In addition, reduced pyridine nucleotide fluorescence from small taste-bud containing patches of catfish barbel epithelium suggests that salts and CN-can cross the epithelial barrier (:).
Although these studies clearly indicate that ions penetrate lingual epithelium, they do not demonstrate directly whether this process is related to the sense of taste. In the present study, amiloride (N-amidino-3,5-diamino-6-chloropyrazine carboxamide), which reduces sodium entry across the mucosal or outer surface of the epithelium (5, (iv) Testing procedure. The test stimuli were delivered to the tongue impregnated in 1.27-cm circles of chromatography paper as shown in Fig. 1B . The concentration to be matched was placed on the side of the tongue adapted to amiloride. The concentration on the other side was adjusted to match the perceived intensity of the standard placed on the side of the tongue adapted to amiloride. The adjustment process was achieved in the following manner. At each trial, a pair of 1.27-cm circles (one standard and one test stimulus) was applied simultaneously and symmetrically to the two sides of the tongue with forceps. If the sensation of the test stimulus was perceived to be greater than the intensity of the standard applied simultaneously to the "amiloride side" of the tongue, then a lower dilution was used on the next trial. Alternatively, a higher concentration was applied after the perceived intensity on the control side was judged to be lower. A total of 10 trials (pairs of circles) were used, with the subject's response determining the order of concentrations applied to the nonamiloride side. The concentration at which a subjectjudged the test stimulus to be higher 50% of the time and lower 50% of the time was considered to match the intensity on the side of the tongue adapted to amiloride. A brief deionized water rinse (15 ml were applied by perfusing the oral cavity with 5 ml of 100 pM amiloride for 5 min. The stimuli were reapplied with a maintenance dose of 2.5 ml of amiloride over 1 min given after each presentation. The total number of spikes over a 5-sec interval (minus the average background activity prior to each stimulation) were determined both prior to amiloride and after amiloride treatment.
RESULTS Human Psychophysical Studies. The results from experiment 1 in which the tongue was adapted to 500 p.M amiloride impregnated in chromatography paper are given in Fig. 2 . In Fig. 2A , it can be seen that amiloride reduced the taste intensity of both sodium and lithium salts. For example, the perceived intensity of 0.20 M, 0.40 M, and 0.60 M NaCl decreased by 50.0%, 57.5%, and 56.7%, respectively. That amiloride had no effect on taste perception of potassium or calcium salts is shown in Fig. 2B . However, amiloride appeared to have a modest effect on perception of choline chloride. Fig. 2C indicates that the perceived intensity of all the sweet tastes tested, including those for compounds ranging widely in chemical structure, such as sweet-tasting saccharides, glycosides, dipeptides, and proteins, was inhibited by amiloride. The sweeteners are plotted in the order of percentage reduction in perceived taste intensity. In Fig. 2D , it can be seen that amino acid compounds with a sweet or salty component were also inhibited by amiloride.
Some subjects commented that one of the amino acids, Lhistidine HCl, had a relatively weak taste at 0.027 M. It was used at this concentration to match the concentration of its Denantiomer that had a moderate taste at 0.027 M. Amiloride inhibited the perception of 0.20 M L-histidine-HCl by 52.5%. Histidine-HCl has been found to have a salty taste component in a previous study (12) . Amiloride had no effect on the taste of L-tryptophan, a bitter tasting amino acid. It also had no effect on other bitter tastes or sour tastes (Fig. 2E) . When amiloride had an effect, the inhibition was perceived immediately, at the beginning of the adjustment process.
The results of the three modes of application of amiloride at both 500 and 50 ,uM are shown in Fig. 3A for NaCl and Fig.  3B for the sweetener stevioside. All three methods gave similar results, although there was less inhibition in three of the four cases when amiloride and the stimulus were dissolved in the same solution. The higher concentration (500 ,uM) had a greater inhibitory effect than did 50 sponse to NaCl decreased to less than 25% of the pretreatment control. The extreme case showed a suppression to 2% of the control. More modest decreases, to 60-90% of the control, occurred in five other units. One unit showed an increase to 160%. The response to KCl did not change appreciably in three units, although there was an increase to 140-180% in two units. The degree of reduction of NaCl could not be predicted from the concentration of amiloride applied to the tongue; three of the five strongest suppressions resulted from application of the lower concentration of amiloride. DISCUSSION Amiloride has been extensively used as a specific inhibitor of sodium transport. At low concentrations (1 j.M), this drug inhibits the apical sodium entry pathway of tight epithelia (5, 6), while another pathway, that of Na+-H+ exchange, is inhibited by higher concentrations of amiloride (13) . The psychophysical finding that amiloride reduced the intensity of taste perception Proc. Natl. Acad. Sci. USA 80 (1983) of sodium and lithium salts is consistent with its action on a variety of cellular and epithelial transport systems, in which the fluxes of sodium and lithium are specifically blocked, while those for other cations such as potassium are not (6, [14] [15] [16] [17] . For example, amiloride has been found to inhibit the influx of sodium into red cells, whereas it had no effect on potassium (14) . Amiloride also has been found to block lithium transport in frog skin (15, 16) and toad bladder (17) . Therefore, it is not surprising that the taste perception of lithium and sodium salts are suppressed by amiloride but that the taste perception of potassium salts are not. This finding suggests that the action of amiloride in taste is analogous to its inhibition of transport in other cellular and epithelial systems and is not a nonspecific inhibition.
The small effect of amiloride on the taste perception of choline was of interest because both amiloride and choline are known to share at least one transport pathway, that of organic base secretion by proximal renal tubules (18) . Choline entry into other cells proceeds by a saturable mechanism, presumably carrierCholine Chloride It was surprising that amiloride blocked perception of all the sweet-tasting compounds. That this was not simply a nonspecific blunting of taste sensation is suggested by the fact that bitter and sour tastes used in this experiment were not affected. The reduction in sweet tastes may indicate that sweetness is in part mediated by an amiloride-sensitive sodium channel. Alternatively, amiloride may also occupy the same receptor site utilized by sweet-tasting compounds. One theory (19) postulates that a necessary condition for sweetness is a pair of hydrogen bonds 3 A apart. An AH-B configuration in the stimulus molecule is presumed to interact with a complementary AH-B site in the taste-receptor membrane, where A and B are electronegative atoms and H is a hydrogen atom that is part of a polarized system A-H. Amiloride, like sweet-tasting compounds, also has an AH-B unit capable of intermolecular hydrogen bonding. Either one or both mechanisms may be involved in the inhibition of sweet taste.
The results of neurophysiological studies in rats from individual medullary taste neurons indicate that amiloride suppresses the response to NaCl but leaves the response to KC1 relatively unaffected. Further experiments with a larger number of neurons and a variety of concentrations will permit quantitative comparison of neural and psychophysical responses. However, the qualitative agreement between the psychophysical and neural data reported here is striking.
The psychophysical results are also consistent with the alteration in ion-transport properties reported by DeSimone et al. (3, 20, after exposure to amiloride. At the concentrations used, amiloride reduced but did not totally eliminate the current in dog tongue epithelium or taste intensity on the human tongue. The fact that some current in dog tongue and taste in humans persist after exposure to amiloride may be due to amiloride-insensitive or paracellular shunt pathways. Application of 100 ,M amiloride to the mucosal side of the epithelium was found to eliminate the second of a two-component rise in potential to hyperosmotic solutions of NaCl. A decline in current accompanied the decrement in the second potential component. Exposure of the dog epithelium to 100 ,M amiloride in Krebs-Henseleit buffer resulted in 78%, 86%, and 85% reductions for 0.20 M, 0.40 M, and 0.60 M NaCl, respectively. These decrements are larger than the 50%, 57.5%, and 56.7% suppressions reported in Fig. 2A for the human tongue after adaptation to 500 AuM amiloride. Three possible reasons for this difference are the following. First, the effective concentration delivered to the human tongue may be lower than the 500 p.M impregnated in the chromatography paper that resulted in a lower level of inhibition. Second, there may be species differences. Third, the reduction in current by amiloride may be less in an intact tongue than in an isolated epithelium. Amiloride reduced the response to sweet stimuli in both the canine preparation and human tongue. DeSimone et al. ( §) reported that nonelectrolytes, including sucrose, also induced an inward current that was reduced by amiloride. This finding is consistent with the results for sweeteners found in this study and again suggests that sweet taste may be mediated by an amiloride-sensitive sodium channel.
Amiloride at high concentrations (1 mM) is reported to inhibit Na+,K+-ATPase partially in certain systems such as rabbit kidney (21) . However, the effect is small (500 ,uM) or nonexistent (50 ,uM) at the concentrations used in the present experiments. Therefore, it seems unlikely that inhibition of D .027M
. In conclusion, the findings reported here suggest that a.sodium transport pathway is involved in the perception of taste. Multidisciplinary data including psychophysical judgments from humans, neurophysiological recordings from rat, along with the transepithelial potential differences from. isolated lingual epithelium of dog and rat reported by DeSimone et al. (3, 20, §) suggest that an amiloride-sensitive transport mechanism plays. a role in the taste mechanism for sodium and lithium salts as well as for sweeteners. These results are consistent with previous studies in a variety of other cellular and epithelial systems that have shown that' amiloride inhibits sodium transport.
